Some aquatic invertebrates such as shrimp contain low albeit stable numbers of bacteria in the circulating hemolymph. The proliferation of this hemolymph microbiota in such a nutrientrich environment is tightly controlled in healthy animals, but the mechanisms responsible had remained elusive. In the present study, we report a C-type lectin (MjHeCL) from the kuruma shrimp (Marsupenaeus japonicus) that participates in restraining the hemolymph microbiota. Although the expression of MjHeCL did not seem to be modulated by bacterial challenge, the down-regulation of its expression by RNA interference led to proliferation of the hemolymph microbiota, ultimately resulting in shrimp death. This phenotype was rescued by the injection of recombinant MjHeCL, which restored the healthy status of the knockdown shrimp. A mechanistic analysis revealed that MjHeCL inhibited bacterial proliferation by modulating the expression of antimicrobial peptides. The key function of MjHeCL in the shrimp immune homeostasis might be related to its broader recognition spectrum of the hemolymph microbiota components than other lectins. Our study demonstrates the role of MjHeCL in maintaining the healthy status of shrimp and provides new insight into the biological significance of C-type lectins, a diversified and abundant lectin family in invertebrate species.
Healthy animals, vertebrates or invertebrates, host diverse bacterial communities as commensals or symbionts in the var-ious microenvironments they provide, and significant progress has been achieved in recent years with regard to the mechanisms responsible for the establishment of such consortia (1) (2) (3) . In vertebrates, the microbiota mostly resides on external surfaces, i.e. skin or cavities directly connected to the external environment such as the gut (2) . In some healthy invertebrates such as shrimp, however, bacteria are not only present in the digestive tract but also in the circulating hemolymph (4) . This observation has now been extended to other aquatic invertebrate species (5) (6) (7) . In shrimp, the hemolymph bacterial communities are present at relatively low numbers as compared with the gut microbiota and usually include species that can become opportunistic pathogens under stressful conditions such as those that may occur in the aquaculture context (4, 8) . However, the mechanism(s) that regulates homeostasis of the hemolymph microbiota is largely unknown, and the factor(s) that may inhibit its proliferation in such a nutrient-rich environment had remained elusive. Although antimicrobial peptides (AMPs) 2 that have been identified in shrimp hemolymph are likely candidates as the inhibitory factors (9, 10) , how the bacteria are sensed, how the AMP expression is regulated, and how they restrain the proliferation of the shrimp hemolymph microbiota had remained unknown.
Invertebrates lack the typical antibody-and T/B cell-based adaptive immunity of vertebrates and only rely on physical barriers and innate immunity for defense against infectious agents (11) (12) (13) (14) . Among the diverse recognition and effector innate immune factors, lectins and antimicrobial peptides play key roles in sensing and controlling or eradicating any potential pathogens not only in invertebrates but also in most vertebrate species (15, 16) . By binding to microbial surface glycans, including lipopolysaccharide and peptidoglycan, C-type lectins (CTLs) from invertebrate species effectively participate not only in the initial step of pathogen recognition via the carbohydrate recognition domain but also in various antimicrobial effector functions such as immobilization, phagocytosis, clearance, encapsulation, nodule formation, activation of the prophenoloxidase system/melanization, and others including direct antimicrobial activity (17) (18) (19) (20) (21) (22) (23) (24) . Thus, CTLs from invertebrates probably carry a heavier burden in pathogen recognition and the activation of pathways leading to antimicrobial effector functions than their vertebrate counterparts. This hypothesis is partially supported by the greater abundance and diversification of CTLs in invertebrates as compared with vertebrates (16, 25, 26) . Furthermore, based on our observations and those of others, a larger subset of the CTL proteins is soluble in insects and crustaceans than in mammals (27, 28) . The humoral CTL repertoire in shrimp, constituted by at least 49 members as determined by a transcriptomic analysis, is highly expanded and diversified as compared with other invertebrate and vertebrate species. 3 In this study, we identified and characterized a CTL that is highly expressed in the hemocytes and present in plasma of the kuruma shrimp (Marsupenaeus japonicus), a species of high commercial value, and that we named MjHeCL for M. japonicus hemocyte C-type lectin. Although MjHeCL expression was not affected by microbial challenge, silencing its expression by RNA interference (RNAi) caused uncontrolled bacterial proliferation in the hemolymph and death of the shrimp. A functional study revealed that the activity of MjHeCL was based on its ability to modulate the expression of AMPs.
EXPERIMENTAL PROCEDURES
Animals-Healthy kuruma shrimp (M. japonicus) with an average weight of 6 -7 g each were obtained from an aquaculture farm in Rizhao, Shandong, China; acclimated in aerated artificial seawater (30 parts per thousand) at 20°C for a week prior to use; and fed daily with a commercial shrimp diet.
Immune Challenge-Vibrio anguillarum (American Type Culture Collection (ATCC) 43305) and Vibrio harveyi (ATCC 33842) were obtained from the Marine College, Shandong University (Weihai, China), cultured overnight in Luria-Bertani medium (3% NaCl), collected by centrifugation at 5,000 ϫ g for 3 min, washed by sterile phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4) thrice, resuspended in PBS, and plated for colony counting, and the bacterial suspension was adjusted to 2 ϫ 10 6 CFU/ml. Fifty microliters of the bacterial suspension were injected into each shrimp intramuscularly at the fourth abdominal segment with similar mock PBS injections in the control shrimp. Hemolymph was drawn from the ventral sinus at 2, 6, 12, and 24 h postchallenge (at least six shrimp at each time point) using a sterile syringe fitted with a 26-gauge needle and collected into precooled anticoagulant (450 mM NaCl, 10 mM KCl, 10 mM EDTA, 10 mM HEPES, pH 7.45) at a ratio of 1:1. The hemolymph was centrifuged at 800 ϫ g for 10 min, and total RNA was extracted from the hemocyte pellet using TRIzol (Invitrogen) according to the manufacturer's instructions. The plasma supernatant was subjected to ultracentrifugation at 140,000 ϫ g for 2 h to remove most of the hemocyanin and concentrated in an ultracentrifugal filter (Millipore). The hemocytes and plasma from unchallenged shrimp were collected and processed at the same time points as controls.
Analysis of MjHeCL Expression Profiles-Semiquantitative RT-PCR was used to study the tissue distribution and abundance of MjHeCL transcripts. A pair of specific primers was designed to amplify a 141-bp fragment ( Table 1) with ␤-actin amplified as the reference gene. The PCR amplification protocol consisted of an initial 94°C for 3 min followed by 30 cycles (22 cycles for ␤-actin) of 94°C for 30 s, 54°C for 30 s, and 72°C for 30 s and a final 72°C for 10 min. The PCR products were analyzed by electrophoresis in 1% agarose and stained by ethidium bromide.
Quantitative changes of MjHeCL expression were assessed by real time PCR (qRT-PCR) in a CFX96 Real-Time System (Bio-Rad) using iQ SYBR Green Supermix (Bio-Rad) and the same primers as for semiquantitative RT-PCR. PCR was performed with an initial 94°C for 3 min, 35 cycles of 94°C for 10 s and 60°C for 1 min, and then a melt period from 65 to 95°C. Results were processed by using a 2 Ϫ⌬⌬Ct method by which the data were normalized in two steps. First, the expression of the gene of interest (MjHeCL) was normalized to that of the reference gene (␤-actin) in the same sample. Second, the relative expression of the gene in the experimental shrimp sample was normalized to that in the control shrimp sample. Results were expressed as the mean Ϯ S.D. from three independent repeats. The expression of the antimicrobial peptides was evaluated with the primers listed in Table 1 using a similar strategy as for MjHeCL.
MjHeCL levels in shrimp plasma were assessed by Western blot in both challenged and control animals. Plasma proteins were separated by SDS-PAGE in 12.5% gels and transferred onto nitrocellulose membranes. After blocking in nonfat milk (5% in PBS) for 1 h, the membrane was immersed in rabbit anti-MjHeCL antiserum (1:200 in blocking milk) overnight. The membrane was washed thrice with PBST (0.02% Tween 20) and incubated with HRP-conjugated goat anti-rabbit antibodies (1:10,000 in blocking milk; Zhongshan, Beijing, China) for 3 h. After three washes with PBST, the protein bands were visualized by oxidation of 4-chloro-1-naphthol.
RNAi in Vivo-A 597-bp MjHeCL fragment was amplified by PCR with the specific primers linked to the T7 promoter ( Table  1 ). The resulting DNA was used as the template to synthesize dsRNA using an in vitro transcription T7 kit (Takara) following the manufacturer's instructions. GFP dsRNA was synthesized as the control. Each shrimp was injected with 10 g of dsRNA (MjHeCL or GFP), and hemolymph was collected at 24, 48, and 72 h postchallenge (at least three shrimp per time point for experimental samples and controls). RNAi efficiency was assessed by RT-PCR on total RNAs from hemocytes and by Western blot on plasma. RNAi for the AMPs was performed in the same way as for MjHeCL using the primers listed in Table 1 .
RNAi in Vitro-Primary cultures of shrimp hemocytes were established by separating the cells from plasma by centrifugation at 800 ϫ g for 10 min and resuspending the cells in Leibo-vitz L-15 medium (Sangon, Shanghai, China) supplemented with 15% fetal bovine serum (Sigma), 5% shrimp plasma (collected without anticoagulant and centrifuged at 20,000 ϫ g for 30 min to obtain the supernatant), 1 g/liter glucose, 2 g/liter NaCl, 0.3 g/liter glutamine, 0.1 mg/liter vitamin C, 100 IU/ml penicillin, and 100 g/ml streptomycin sulfate. The hemocyte suspensions (5 ϫ 10 5 cells/ml) were distributed in 6-well plates at 2 ml/well and incubated at 28°C for 12 h. Two micrograms of dsRNA (for MjHeCL and for GFP as control) and 5 l of Lipofectamine 2000 (Invitrogen) were mixed with 250 l of serumfree medium, respectively, incubated separately for 5 min, mixed together, incubated for an additional 20 min, and added to serum-free medium (1.5 ml). The final mixture was added to each well after removing the initial culture medium, incubated 
GGTTACCTTGTTACGACTT for 10 h, and replaced by serum-containing medium (2 ml). Total RNA was extracted 24 h later to evaluate expression of the target genes in both experimental and control (GFP dsRNA) wells. Assessment of Survival Rates-Shrimp were randomly divided into three groups with 30 animals in each group. In the first group, each shrimp was injected with 10 g of MjHeCL dsRNA, 10 g of GFP dsRNA was injected in the second group, and PBS was injected in the third group. The numbers of dead shrimp were recorded for each group daily for 3 days, and survival rates were calculated at 72 h postinjection.
Bacterial Counts in Hemolymph-Hemolymph from experimental and control shrimp was collected as described above and immediately mixed with an equal volume of sterile anticoagulant buffer. One hundred microliters of each mixture were plated onto a modified 2216E agar plate (0.5% tryptone, 0.1% yeast extract, 0.01% FeCl 3 , 2.4% sea salt, and 1.5% agar). The plates were placed at 28°C for 36 h, and the colony counts were recorded for each plate.
Antibiotic Treatments-To ensure that any proliferating bacteria in shrimp hemolymph originated in the endogenous microbiota, ampicillin and kanamycin were added to the culture water to a final concentration of 25 mg/liter to generate an axenic environment. To exclude the potential interference of the endogenous microbiota on the expression of AMPs, each shrimp was injected with ampicillin and kanamycin (25 g each/animal) to generate axenic animals.
Recombinant Protein Expression and Purification-For expression of the recombinant MjHeCL in yeast, the fragment corresponding to the mature MjHeCL was amplified with the primers shown in Table 1 and cloned into the pPIC9k vector (Invitrogen). The recombinant plasmid was linearized with SacI (New England Biolabs) and transformed into the Pichia pastoris GS115 cells by electroporation. The transformants were screened with the histidine-deficient minimal dextrose medium. Positive transformants were inoculated into BMGY medium (1% yeast extract, 2% tryptone, 1.34% yeast nitrogen base, 4 ϫ 10 Ϫ5 % biotin, 1% glycerol, and 100 mM potassium phosphate, pH 6.0) and cultured at 30°C for 18 h and transferred into BMMY medium (1% yeast extract, 2% tryptone, 1.34% yeast nitrogen base, 4 ϫ 10 Ϫ5 % biotin, 0.5% methanol, and 100 mM potassium phosphate, pH 6.0) for protein induction. Methanol was supplemented into the medium to a final concentration of 0.5% (w/v) every 24 h for 3 days. The culture supernatant (600 ml) was collected by centrifugation and applied to a nickel-nitrilotriacetic acid His-Bind resin column (Novagen). The recombinant protein was eluted by 250 mM imidazole in 50 mM Tris-HCl, pH 7.5 and 300 mM NaCl. The eluted protein was dialyzed in PBS thrice at 4°C to remove the imidazole. Protein concentrations were determined by the standard Bradford method with BSA as the control and adjusted to 200 g/ml. After being filtered through a sterile 0.45-m filter, the protein was stored at Ϫ80°C with 5% glycerol (v/v).
The bacterial expression of recombinant MjHeCL and other shrimp CTLs (MjCL1-9) was performed according to the standard method using the pET32a(ϩ) (Novagen) vector and Escherichia coli Rosetta (DE3) cells (primers are listed in Table 1 ). The recombinant proteins were purified on a nickelnitrilotriacetic acid His-Bind column. Potential endotoxin contaminants were removed by adding an additional wash before final elution with 0.1% Triton X-114 (Sigma) in the wash buffer (50ϫ column volume) at 4°C (29) . The recombinant proteins were processed and stored following the protocol described above.
Antiserum Preparation-The recombinant MjHeCL (rMjHeCLtag) was expressed in bacteria, purified, and concentrated to 3 mg/ml with an ultracentrifugal filter. Equal volumes of rMjHeCL-tag solution (1 ml) and complete Freund's adjuvant (Sigma) were mixed thoroughly and injected into a New Zealand White rabbit. The injection was repeated 25 days later with a similar rMjHeCL-tag inoculum but mixed with incomplete Freund's adjuvant. Periodic bleeds were tested for anti-MjHeCL titer and specificity, and after the kill bleed, the anti-MjHeCL antiserum was stored at Ϫ80°C for further use.
Binding of MjHeCL to Components of the Hemolymph Microbiota-The bacteria present in the shrimp hemolymph were isolated and characterized by 16 S rRNA. The bacteria growing in plates corresponding to the experimental and control shrimp from the experiment described above were selected based on colony morphology, isolated, and grown as individual cultures in 2216E medium at 30°C overnight. From each culture the 16 S rRNA was amplified using the standard primers (Table 1 ) and sequenced for species identification. The remaining bacterial cultures were used for MjHeCL binding assays and stored at Ϫ80°C.
To test whether MjHeCL could bind to bacteria, a preliminary study was carried out with a Vibrio spp. isolated from shrimp hemolymph. An overnight bacterial culture was harvested as described above and resuspended in PBS. The binding was performed by incubating the rMjHeCL-tag (expressed in bacteria; 4 g) with the selected bacteria (10 8 CFU) in 1 ml of PBS. The mixture was incubated at 25°C for 1 h with gentle rotation. The bacteria were collected by centrifugation at 5,000 ϫ g for 3 min and washed thrice with PBST. The resultant bacterial pellet was resuspended in PBS, processed for SDS-PAGE by adding regular sample buffer and heating at 100°C for 5 min, and subjected to Western blot. rMjHeCL-tag that bound to the bacteria was detected by an antibody specific for the pET32a(ϩ) tag. Negative controls consisted in replacing the rMjHeCL-tag by the pET32a(ϩ) tag. To determine whether calcium was necessary for the binding, a similar experiment was carried out with either CaCl 2 (5 mM), EDTA (5 mM), or both added to the mixture of bacteria and rMjHeCL-tag.
After the preliminary experiments revealed that rMjHeCL could bind to Vibrio spp., all other bacterial isolates from shrimp hemolymph were tested similarly to determine the binding spectrum of rMjHeCL and other recombinant shrimp CTLs (MjCL1-9). The authentic MjHeCL was also tested to examine whether it exhibited binding behavior similar to that of the rMjHeCL. For this, ϳ10 7 hemocytes were resuspended in 1.5 ml of PBS and sonicated at 300 Hz for 5 min. The hemocyte lysate was centrifuged at 20,000 ϫ g for 20 min. The supernatant (1 ml) was used as the source of native MjHeCL. Bound proteins were detected with an antibody specific for the tag (for recombinant proteins) or the anti-MjHeCL antibody (for the native MjHeCL).
Shrimp C-type Lectin Inhibits Hemolymph Microbiota
Antibacterial Activity of MjHeCL-The bacteria isolated from the shrimp hemolymph and recognized by MjHeCL were used to determine whether MjHeCL possesses antibacterial activity. The bacterial strain suspensions were prepared as described above, adjusting their concentration to 10 6 CFU/ml. To assess the antibacterial activity of MjHeCL, 10 l of the bacterial suspension were incubated with 2 g of rMjHeCL for 2 h at 25°C. The mixture was then introduced to 200 l of fresh LB medium (3% NaCl) and cultured at 25°C for 24 h. The A 600 of each sample was recorded as a measure of bacterial growth.
The antimicrobial activity of plasma was evaluated after the initial centrifugation of hemolymph at 800 ϫ g for 10 min to separate it from the hemocytes followed by centrifugation at 20,000 ϫ g for 20 min to obtain a clear supernatant. Equal volumes (10 l) of the supernatant and bacterial suspension were mixed and placed at 25°C for 1 h. The mixtures were plated onto LB (3% NaCl for V. harveyi) agar plates and cultured at 30 (V. harveyi) or 37°C (Micrococcus luteus) for 30 h, and the colony counts were recorded. Results were expressed as the mean Ϯ S.D. derived from three independent repeats.
Phenotype Rescue Experiments-Phenotypes (AMP expression, bacterial proliferation, and shrimp survival rates) resulting from the down-regulated MjHeCL expression by RNAi were rescued by co-injection of the recombinant MjHeCL together with the dsRNA. For the AMP expression analysis, MjHeCL dsRNA (10 g) was mixed with 0.1, 0.5, 2.5, or 8 g of recombinant protein, respectively, in a total volume of 50 l that was injected in each shrimp (six shrimp per experiment). GFP dsRNA or MjHeCL dsRNA together with BSA (2 g) served as controls. Total RNA was extracted from hemocytes at 24 h postinjection, and the expression of AMPs was analyzed by qRT-PCR.
For the bacterial number determination, each shrimp was co-injected with MjHeCL dsRNA (10 g) together with either rMjHeCL or BSA (2.5 g each). Thirty shrimp were used for the MjHeCL group, whereas 70 animals were used for the BSA group. Bacterial numbers in hemolymph were determined at 24, 48, and 72 h postinjection. For each time point, eight shrimp were analyzed.
For the assessment of survival rates, each shrimp was injected with MjHeCL dsRNA (10 g) together with 2.5 g of either rMjHeCL or BSA. The survival rates were evaluated at 72 h postinjection. Twenty shrimp were used for MjHeCL group, whereas 30 were used for the BSA group.
To assess whether MjHeCL alone could induce the expression of AMPs in the absence of hemolymph microbiota in vitro, hemocytes were cultured in 6-well plates. Either rMjHeCL or BSA (3 g) was applied to each well, and the expression of AMPs was evaluated 6 h later. Results were expressed as the mean Ϯ S.D. derived from three independent repeats. For the in vivo studies, rMjHeCL (5 g) was injected into axenic shrimp that had been pretreated by antibiotics. An equal amount of BSA was used as a control. The expression of AMPs was determined 24 h later. The experiment was repeated three times with at least six shrimp in each sample.
Binding of MjHeCL to Hemocytes-Hemocytes were cultured in 6-well plates. Either rMjHeCL or pET32a tag (3 g) was added into the well and incubated for 3 h. The medium was removed, and the cells were washed five times with PBS. Cells were mixed with SDS-PAGE sample buffer and subjected to Western blot. The recombinant proteins bound to hemocytes were detected with an anti-His tag antibody (Zhongshan).
RESULTS

MjHeCL Expression and Release to Plasma Are Not Affected by Infectious Agents-
The open reading frame of MjHeCL contains 474 base pairs encoding a protein of 157 residues with a 17-amino acid signal peptide and a 125-amino acid carbohydrate recognition domain (GenBank TM accession number KJ175168). As shown in Fig. 1A , MjHeCL transcripts were mostly localized to shrimp hemocytes with lower levels detected in heart, gills, stomach, and intestine. Surprisingly, no expression was observed in the hepatopancreas, an organ in which most other shrimp lectins are synthesized. qRT-PCR results showed that MjHeCL expression was high and relatively stable, showing negligible changes even upon challenge by the pathogenic V. anguillarum and V. harveyi (Fig. 1B) . Consistent results were observed for the MjHeCL protein for which the bacterial challenge had little effect on its release into the circulating plasma (Fig. 1C) .
MjHeCL Inhibits the Proliferation of Bacteria Present in Shrimp Hemolymph-To reveal the function of MjHeCL, RNAi was performed on healthy shrimp to suppress its expression. The expression of MjHeCL could be significantly knocked down by dsRNA injection for at least 3 days ( Fig. 2A) with a survival rate of about 20% compared with 90% in the control group (Fig. 2B ). This suggested that MjHeCL expression is critical to maintain the healthy status of shrimp. To elucidate the potential causes of shrimp death, the hemolymph of dsRNAinjected shrimp was examined for bacterial proliferation. The results (Fig. 2C) revealed that the number of bacteria in the circulating hemolymph significantly increased from 24 to 72 h post-MjHeCL dsRNA injection, whereas the bacterial counts in the hemolymph of the control group did not change. To identify the source of the proliferating bacteria in the knockdown shrimp, that is whether they were originating from endogenous or environmental bacterial populations, we treated the water with antibiotics to generate an axenic (i.e. bacteriumfree) environment (Fig. 3A) . The bacterial counts in the knockdown shrimp that had been maintained in axenic water increased similarly as those in the untreated water (Fig. 3B) . These results suggest that the proliferating bacteria originate from the endogenous shrimp microbiota, which in the healthy shrimp was inhibited by MjHeCL expression.
Although bacterial communities colonize most surfaces and cavities of shrimp with by far the most abundant bacterial populations present in the gut microbiota, bacteria have been detected in shrimp hemolymph of healthy animals (4). Thus, considering the possibility that the source of the proliferating bacteria in the knockdown shrimp could actually be the hemolymph, we assessed the presence and abundance of bacteria in the hemolymph of healthy shrimp. Bacteria were detected in the hemolymph of all healthy animals examined, and the bacterial counts remained unchanged during the 6-day monitoring period, while the shrimp remained healthy and with no signs/ symptoms of infectious disease (Fig. 3C ). This observation was consistent with a former study that showed that the relatively low and constant numbers of bacteria detected in the hemo-lymph of healthy shrimp rapidly increased under stressful conditions (4) .
MjHeCL Recognizes and Binds to the Strains of the Hemolymph Microbiota but Lacks Antimicrobial Activity-As some lectins can recognize and kill microbial pathogens, we explored the possibility that the proliferation of hemolymph bacteria in the MjHeCL RNAi shrimp was due to the loss of the MjHeCLmediated recognition and control of the bacterial populations. For this, we first examined the recognition spectrum of MjHeCL for selected components of the hemolymph microbiota. Based on 16 S rRNA sequencing, from the 14 colony types we most frequently isolated from shrimp hemolymph, four were identified as Vibrio spp.; three were identified as Pseudoalteromonas spp.; and other isolates were identified as Alteromonas spp., Marinomonas spp., Tenacibaculum spp., Psychromonas spp., Neptunomonas spp., Enterobacter spp., and Shewanella spp. A preliminary experiment revealed that rMjHeCL-tag could bind to a Vibrio spp. isolate from the hemolymph microbiota (Fig. 4A) , and the calcium requirement of this interaction was examined. The removal of calcium by EDTA chelation partially reduced binding of rMjHeCL to Vibrio spp., whereas calcium addition enhanced the binding, and the addition of both had no effect (Fig. 4B) . Based on this preliminary information, the binding spectra of MjHeCL and other shrimp CTLs for the hemolymph microbiota were determined. Both the native and recombinant MjHeCL recognized and bound all the bacterial strains isolated. However, the binding spectrum of each of the nine additional recombinant CTLs (MjCLs) we had identified was restricted to a limited subset of Thirty shrimp were injected with 10 g of MjHeCL dsRNA (dsMjHeCL) each, and shrimp death was recorded 72 h postinjection. PBS and GFP dsRNA were used as controls. C, the bacterial counts in MjHeCL knockdown shrimp were higher than in the control animals. Shrimp were injected with 10 g of MjHeCL dsRNA, and the hemolymph was drawn out at 24, 48, and 72 h postinjection and plated onto agar plates, and the bacterial counts were determined. The horizontal bars represent the median. The p value was calculated by the t test for paired samples, and significant differences was accepted when p was Ͻ0.05. isolates (Fig. 4C) . The broad recognition activity of MjHeCL for hemolymph bacteria supports a critical role, direct or indirect, in the inhibition of proliferation of the hemolymph microbiota.
To find out why the endogenous bacteria proliferated in the MjHeCL RNAi shrimp, we examined whether, in addition to its broad microbial recognition properties, MjHeCL itself displays antibacterial activity. The purified recombinant MjHeCL expressed in yeast (Fig. 5A ) was used to treat the bacteria, and it did not show antimicrobial activity against any of the bacterial species or strains tested (Fig. 5B) .
MjHeCL Regulates the Expression of Several Antimicrobial Peptides-Based on the observation that MjHeCL itself did not kill or inhibit the growth of bacteria, we investigated the potential antimicrobial activity of the shrimp plasma to find out whether the endogenous bacterial proliferation was due to a change in plasma properties. As shown in Fig. 5C , after incubation with the plasma of the MjHeCL RNAi shrimp, the survival of both the Gram-negative pathogenic bacterium V. harveyi and the Gram-positive non-pathogenic bacterium M. luteus was higher than that following incubation with the control plasma. This indicated that the antimicrobial ability of plasma was suppressed after MjHeCL expression was knocked down by RNAi.
Because as indicated above our results revealed that MjHeCL lacked antimicrobial activity, we explored the possibility that the decrease of antimicrobial activity in the MjHeCL RNAi shrimp was due to the suppression of AMP expression. Those AMPs that are expressed in hemocytes (our observation 3 ) were selected for this study, and the results showed that the expression of some AMPs including antilipopolysaccharide factors 4, 5, and 6 (Alf4, Alf5, and Alf6), penaeidin 2 (Pen2), i-type lysozyme 1 (iLys1), and crustin 11 (Cru11) was down-regulated by MjHeCL dsRNA injection (Fig. 6 ). However, the expression of other AMPs was significantly up-regulated. This observation prompted us to discern whether these opposite changes in expression of AMPs were due to the MjHeCL RNAi itself or the bacterial proliferation resulting from MjHeCL silencing.
To examine the first alternative, that is the possibility that instead of the endogenous bacteria actually MjHeCL regulates the hemolymph levels of AMPs, we carried out an in vitro study in which an axenic hemocyte primary culture was treated with MjHeCL dsRNA. The results revealed that the expression of the AMPs Alf4, Alf5, Alf6, and Pen2 was suppressed upon MjHeCL knockdown (Fig. 7A) . To test in vivo the potential role(s) of the (14) . C, the plasma antimicrobial activity was suppressed in the MjHeCL knockdown shrimp. Equal volumes (10 l) of plasma and bacterial suspension were incubated at 25°C for 1 h. The mixture was then plated onto agar plates to determine the surviving bacteria. Data show the mean Ϯ S.D. from three independent repeats. Error bars represent S.D. The p value was calculated by t test for paired samples, and significant differences were accepted when p was Ͻ0.05. dsMjHeCL, MjHeCL dsRNA; dsGFP, GFP dsRNA. APRIL 25, 2014 • VOLUME 289 • NUMBER 17 JOURNAL OF BIOLOGICAL CHEMISTRY 11785 endogenous microbiota on the regulation of expression of AMPs in the MjHeCL RNAi and control shrimp, we treated the shrimp with antibiotics to eliminate the endogenous bacteria, subsequently injected them with dsRNA, and measured the expression of selected AMPs. The expression of Alf4, Alf5, Alf6, and Pen2 was down-regulated upon MjHeCL RNAi, revealing that MjHeCL, not the endogenous bacterial populations, regulates the levels of the AMPs indicated above (Fig. 7B) .
Shrimp C-type Lectin Inhibits Hemolymph Microbiota
MjHeCL-regulated Antimicrobial Peptides Maintain the Homeostasis of the Hemolymph Microbiota-To further test whether the bacterial proliferation was due to the down-regulation of expression of AMPs caused by MjHeCL RNAi, expression of the four AMPs of interest, Alf4, Alf5, Alf6, and Pen2, was silenced by RNAi, and the bacterial counts were determined in the hemolymph of the knockdown animals. Results showed that in the Alf4-and Alf6-deficient animals the hemolymph microbiota proliferated significantly, whereas the effects of Alf5 and Pen2 silencing were not significantly dramatic (Fig. 7C) . Taken together, these results demonstrated that MjHeCL maintains the homeostasis of the hemolymph microbiota and thus the health of the animals by maintaining the expression of two AMPs, which are responsible for the inhibition of bacterial proliferation in hemolymph.
Recombinant MjHeCL Can Rescue the MjHeCL RNAi Phenotype-To confirm the role of MjHeCL in the regulatory functions proposed above, we injected the recombinant protein in the MjHeCL RNAi shrimp to inquire whether it could restore their healthy status. When the shrimp were injected with MjHeCL dsRNA together with recombinant MjHeCL, both the decreases of AMP expression and bacterial proliferation were restored to the control levels. As shown in Fig. 8A , the rescue by recombinant MjHeCL took place in a dose-dependent manner with 2.5 g of protein fully counteracting the effects of dsRNA. It is noteworthy that injection of excess recombinant MjHeCL up-regulated the expression of AMPs. Furthermore, the bacte-rial counts did not increase in the MjHeCL RNAi shrimp that had been co-injected with recombinant MjHeCL, whereas coinjection of BSA was unable to rescue the phenotype (Fig. 8B) . Most importantly, the survival rate of dsRNA-treated shrimp that had been co-injected with recombinant MjHeCL was about 80% compared with Ͻ20% in the BSA group (Fig. 8C ). In addition, the changes in expression of other AMPs that were caused by the proliferating bacteria in the MjHeCL RNAi shrimp were also restored to the control levels by the co-injection of recombinant MjHeCL (Fig. 8D) . These results further confirmed the protective regulatory role of MjHeCL in the AMP-controlled homeostasis of the hemolymph microbiota.
MjHeCL Binds to Hemocytes to Modulate AMP Expression-To investigate whether the MjHeCL alone or the MjHeCL-bacterium complex modulates the AMP expression, hemocytes were cultured in vitro, and rMjHeCL was added. As shown in Fig. 9A , rMjHeCL alone (in the absence of bacteria) could stimulate the expression of AMPs. A further study showed that the exogenous rMjHeCL could bind to the surface of hemocytes ( Fig. 9B ), suggesting that interaction of the MjHeCL with a hemocyte receptor is responsible for the up-regulation of AMP expression. Similarly, an in vivo study showed that the exogenous rMjHeCL alone could stimulate AMP expression ( Fig.  9C ).
DISCUSSION
It is currently well established through our study and those of others that the hemolymph of some aquatic invertebrates is not sterile but populated by relatively low, fairly stable numbers of multiple bacterial species and strains (4) . Until now, however, the mechanistic basis of this homeostatic balance between host and the hemolymph microbiota had remained elusive. As all bacterial and eukaryotic cells possess a rich glycocalyx that decorates the surface and encodes complex information, carbohydrate-binding proteins such as lectins play critical roles in the establishment and homeostatic balance of the microbiomehost consortium (30) . In this study, we identified and functionally characterized in shrimp a C-type lectin, MjHeCL, as playing a central role in the homeostatic regulation of the hemolymph microbiota.
Most of the MjHeCL transcripts were localized to shrimp hemocytes. The relatively weaker signals detected in heart, gills, stomach, and intestine probably originate in hemocytes infiltrating those tissues. In most invertebrates such as shrimp, hemocytes are key participants in both the cellular and humoral immune responses against infectious agents (31) . Although hemocyte subsets are responsible for phagocytosis, encapsulation, and nodulation responses (32) , they can also function as the source of soluble recognition and effector factors such as lectins and antimicrobial peptides. In any given invertebrate species, both lectin and antimicrobial peptide repertoires are both structurally and functionally diverse. The immune functions of lectins have been mostly characterized by their functions in agglutination, immobilization, opsonization, and activation of enzymatic pathways leading to melanization, whereas the AMPs carry out effector functions by directly binding to and killing the target pathogens. The unique site of MjHeCL expression in the hemocytes, the cells that must rapidly respond to humoral infectious agents, and its secretion into plasma are suggestive of a key role for MjHeCL in immune defense. However, in contrast with lectins such as C-reactive protein and members of the CTL family such as the mannosebinding lectin that can function as acute phase reactants by increasing their plasma levels in minutes or hours as a response to infectious agents (33, 34) , expression of MjHeCL was not affected by injection of bacteria. The constitutive expression of MjHeCL in hemocytes and its relatively high and constant levels in plasma even in the presence of infectious agents, however, supports an important and unique regulatory role specifically directed to maintaining homeostasis of the host endogenous microbiota.
As the shrimp soluble CTL repertoire is highly diverse, we examined the recognition spectrum of MjHeCL and the other nine CTLs (MjCL1-9) for the isolated components of the hemolymph microbiota. Surprisingly and in contrast will all other shrimp CTLs, MjHeCL recognized all bacterial species and strains tested. Binding of MjHeCL to bacteria appears to be only partially dependent on the presence of soluble calcium. The broad recognition activity of MjHeCL for hemolymph bacteria supports a central role, direct or indirect, in the inhibition of proliferation of the hemolymph microbiota. Because some lectins can kill microbial pathogens directly (35) or indirectly (36) , we tested the potential bacteriocidal activity of the pure recombinant MjHeCL. MjHeCL did not show any antimicrobial activity against any of the Gram-negative or the Grampositive bacterial species tested, clearly revealing that the regulatory mechanism of MjHeCL over the hemolymph microbiota was most likely indirect.
The lack of direct antimicrobial activity of MjHeCL prompted us to consider the possibility that this effect could be exerted by other hemolymph factors, and our results revealed a significant decrease in the antibacterial activity in the plasma of the MjHeCL RNAi animals as compared with the controls. Two micrograms of dsRNA were transfected into hemocytes with 5 l of Lipofectamine 2000 according to the manufacturer's instructions. The medium was replaced 10 h later. The expression of AMPs was analyzed after 24 h. GFP dsRNA (dsGFP) was used as the control. B, knockdown of MjHeCL in antibiotictreated shrimp suppressed the expression of Alf4, Alf5, Alf6, and Pen2. Shrimp were preinjected with ampicillin and kanamycin (25 g each), and 24 h later, 10 g of dsRNA were injected into each shrimp. The expression of AMPs was analyzed by qRT-PCR 24 h later. For A and B, data represent mean Ϯ SD from three independent repeats. Error bars represent S.D. Asterisks represent significant differences (calculated by the t test for paired samples from three repeats, and significant differences were accepted when p was Ͻ0.05). C, knockdown of Alf4, Alf5, Alf6, and Pen2 triggered proliferation of endogenous bacteria. Shrimp were injected with 10 g of Alf4 (dsAlf4), Alf5 (dsAlf5), Alf6 (dsAlf6), and Pen2 (dsPen2) dsRNA, respectively. The bacterial counts in the hemolymph were determined 24 h later. The horizontal bars represent the median. GFP dsRNA was used as a control. The p value was calculated by the t test for paired samples against controls, and significant differences were accepted when p was Ͻ0.05.
Among the potential candidates, the decreased expression of those AMPs that were expressed in the hemocytes, namely Alf4, Alf5, Alf6, and Pen2, was found to be related with the effects observed. A gene silencing study on the four AMPs indicated that those mostly responsible for the bacterial inhibition were Alf4 and Alf6, whereas Alf5 and Pen2 had a more moderate inhibitory effect on the bacteria tested. ALFs are cationic peptides widely distributed in crustacean species such as shrimps, crabs, and crayfish (37) (38) (39) . This family is characterized by an LPS-binding region with a cluster of positive charges lying within the two conserved cysteine residues. The ability of ALFs to neutralize LPS confers them broad antimicrobial function to inhibit bacteria (mainly Gram-negative bacteria) in vivo and in vitro (40) . The ALF best characterized to date, ALFPm3 from the black tiger shrimp Penaeus monodon, actively inhibits bacterial infection. Gene silencing of ALFPm3 increased bacterial counts in the hepatopancreas and hemolymph (10), suggesting that it plays a role similar to that of the three ALFs found in this study. Our results showed that Alf4 and Alf6 have a more important role in protection than Alf5. Alignments of the sequences of these three ALFs showed that Alf4 and Alf6 shared a higher identity (78%) than either did with Alf5 (Alf4:Alf5, 43%; Alf6:Alf5, 47%), suggesting a potential relationship between the primary structures of ALFs and their protective roles. Conversely, penaeidins are AMPs unique to shrimp and are charac-terized by proline-rich and cysteine-rich N-and C-terminal regions, respectively (41, 42) . Based on their sequence diversity, penaeidins are classified into four subgroups and preferentially display antimicrobial activities against Gram-positive bacteria and fungus as compared with Gram-negative bacteria (43) . The moderate protective activity of Pen2 as compared with Alf4 and Alf6 may be related to the relative proportions and pathogenicity of the Gram-positive and Gram-negative bacteria present in the shrimp hemolymph microbiota.
Previous studies have shown that the soluble CTLs participate in antibacterial responses in several ways. First, most multivalent members of this family have the capacity to cross-link ligands on the microbial surface and thus agglutinate and immobilize potential pathogens (16) . Second, soluble CTLs such as the mannose-binding lectin, shrimp FcLec4, and insect immulectin-2 can also function as opsonins by promoting the phagocytosis and removal of the invading bacteria (19, 21, 23, 36) . Third, some C-type lectins are endowed with microbicidal activity. For example, the mouse CTL RegIII␥ expressed in the gut epithelium binds to and displays bacteriocidal activity for intestinal Gram-positive bacteria by interacting with peptidoglycans (44), another RegIII family member exerts its bactericidal activity through binding to lipid A (45), and similar activity against Staphylococcus aureus was revealed for a CTL from amphioxus (46) . Finally, some CTLs can activate enzymatic . Shrimp were injected with MjHeCL dsRNA (dsMjHeCL) (10 g) together with increasing amounts of rMjHeCL (0.1, 0.5. 2.5, and 8 g). The expression of Alf4, Alf5, Alf6, and Pen2 was analyzed by qRT-PCR 24 h later. GFP dsRNA (dsGFP) and BSA were used to control MjHeCL dsRNA and rMjHeCL. Data represent mean Ϯ SD from three independent repeats with error bars representing S.D. The data were subjected to one-way analysis of variance analysis. Different letters represent significant differences (p Ͻ 0.05). B, injection of recombinant MjHeCL suppressed the bacterial proliferation caused by the MjHeCL knockdown. Shrimp were injected with a mixture of MjHeCL dsRNA (10 g) and rMjHeCL (2.5 g). The bacterial counts in hemolymph were determined 24, 48, and 72 h later. BSA was used as a control. The horizontal bars represent the median. C, injection of rMjHeCL restored shrimp survival. Shrimp were injected with a mixture of MjHeCL dsRNA (10 g) and rMjHeCL (2.5 g). The survival rate was recorded at 72 h postinjection. BSA was used as a control. p values were calculated by the t test for paired samples, and significant differences were accepted when p was Ͻ0.05. D, injection of recombinant MjHeCL restored the expression of AMPs down-regulated in the MjHeCL knockdown shrimp. Shrimp were injected with a mixture of MjHeCL dsRNA (10 g) and rMjHeCL (2.5 g). The expression of AMPs was analyzed by qRT-PCR 24 h later. GFP dsRNA and BSA were used to control MjHeCL dsRNA and rMjHeCL. Data represents mean Ϯ SD from three independent repeats with error bars representing S.D. The data were subjected to one-way analysis of variance analysis. Different letters represent significant differences (p Ͻ 0.05).
pathways leading to complement activation in vertebrates such as mannose-binding lectin and ficolins (36) or melanization by activation of the prophenoloxidase pathway in invertebrates by the insect immulectin-1 and the crayfish Pacifastacus leniusculus mannose-binding lectin (47, 48) . Thus, our finding that MjHeCL expression directly regulates the AMP plasma levels, which in turn maintain the homeostasis of the hemolymph microbiota, constitutes a yet undescribed role for any CTL characterized to date.
Although the mechanistic aspects of regulation of AMP expression in shrimp are still unclear, it is widely accepted that recognition of nonself molecular structures by pattern recognition receptors such as peptidoglycan recognition proteins and Gram-negative binding proteins in Drosophila constitutes the first step in the activation of Toll and immune deficiency pathways (49) . Thus, it is tempting to speculate that MjHeCL could function as a pattern recognition receptor that recognizes the hemolymph microbiota components and activates the AMP expression pathways by targeting hemocyte surface receptors. This would either promote phagocytosis in a typical opsonic effect or facilitate recognition of the bacterial products by the hemocyte surface Toll-like receptors. The interaction of the lectin-bacterium complex by these mechanisms would maintain a constitutive pathway activation and continued expression of AMPs, mainly Alf4 and Alf6, to maintain the homeo-static balance of the hemolymph microbiota. The constitutive expression of a limited subset of key AMPs would represent an effective and energy-economic strategy for healthy shrimp to thrive in a suitable environment, although the animals are clearly endowed with highly diversified lectin and AMP repertoires that would allow them to rapidly respond to very diverse and potentially stressful conditions.
